The secretary and endocytic pathways intersect at the trans-Golgi network/Early Endosome 32 (TGN/EE). TGN/EE function depends on a careful balance of ions within this compartment, 33 and the electrochemical potential across its membrane. The identity of the proton pump 34 required for acidification and the transporters that catalyse cation and anion import into 35 endosome compartments are known. However, the protein needed to complete the transport 36 circuit, and that mediates cation and anion efflux from the TGN/EE has not been identified.
One sentence summary
Cation Chloride Cotransporters function in the TGN/EE and modulate endo-and exocystosis, 23 impacting root cell identity, root hair elongation, osmoregulation and cell wall formation.
25
Material distribution footnote 26 The author responsible for distribution of materials integral to the findings presented in this 27 article in accordance with the policy described in the Instructions for Authors Arabidopsis sodium/potassium proton exchangers NHX5 and NHX6 and the potassium endomembrane transport knockouts combined, suggesting that these phenotypes might 104 originate from the same upstream process. 105 Here, we provide evidence that AtCCC1 functions in the TGN/EE, when stably expressed in 106 a native cell type, Arabidopsis root hair cells. We show that both Arabidopsis and rice CCC1 107 are important for root hair growth; and CCC1s are important for endomembrane trafficking, 108 including trafficking of the auxin transporter PIN1 and the PM protein LTI6b. We observed 109 seed coat defects in Atccc1 and a complex role of AtCCC1 in osmoregulation, consistent with 110 the modified delivery of proteins and cell wall material to the PM. We propose that CCC1 111 impacts these processes because it is the missing component of the ion regulating machinery 112 of the TGN/EE. particularly strong signal in stamen filaments (Fig. 1) . AtCCC1 promoter activity reported by 124 fluorescence, or by GUS-activity, was slightly different despite use of the identical promoter 125 sequence. For instance, fluorescence was detectable in root cortex and epidermis cells, knockout mutants did not rupture (suppl. Fig. S1 ). Atccc1 plants had a reduction in root 139 epidermal cell length (Fig. 2) , similar to what had been shown previously in Osccc1.1 (Chen 140 et al., 2016b); but different to Osccc1.1, root diameter was not decreasedinstead, it was 141 slightly larger in Atccc1 (suppl. Fig. S1 ).
142
To investigate the cause of the reduced root hair length in Atccc1, the elongation rates of 143 wildtype and Atccc1 root hairs were measured using time lapse microscopy (suppl. Video 1-144 2). For this, roots were grown inside the media, directly in chambered cover slips.
145
Measurements were taken from the beginning of root hair elongation, of root hairs that 146 elongated beyond the initiation phase, until root hair growth ceased. This revealed that Atccc1 147 root hairs were shorter because they grow at a reduced speed. The elongation rate of wildtype 148 plants in our conditions was similar to what had previously been observed (Schoenaers et al., 149 2018). For wildtype, the average rate of root hair elongation between 50 and 100 minutes 150 after elongation initiated was 0.88 ± 0.27 µm min 1while Atccc1 root hairs elongated at half 151 that speed, at 0.47 ± 0.08 µm min 1-, but for the same period of time, resulting in shorter root , 2016) . However, we could not observe defects in root cortex and epidermis cell 160 arrangement (suppl. Fig. S1 ). The ectopic root hairs we observed in Atccc1 are therefore the 161 likely result of a defect in the root differentiation zone where cell types gain their specific cell 162 identity, indicating that AtCCC1 has also a crucial role in root tip cells.
164
Atccc1 localises to the endomembrane system in root hair cells 165 We had previously localised AtCCC1 to the TGN/EE in transient expression assays in N. 166 benthamiana (Henderson et al., 2015) . In contrast, other studies have suggested that it might 167 also localise to other membranes (Colmenero-Flores et al., 2007; Domingos et al., 2019) , 168 which has led to multiple interpretations of AtCCC1 function. Stable expression of GFP-169 AtCCC1 using the EXP7 (Expansin7) root hair specific promoter revealed that the GFP 170 signal was localised to internal organelles resembling components of the endomembrane 171 system, similar to what we observed previously in N. benthamiana (Fig. 2) brefeldin-A (BFA), caused the GFP signal to accumulate in the centre of BFA bodies, 177 consistent with a TGN/EE localisation (Fig. 2) . Expression of the GFP-AtCCC1 in the Atccc1 178 knockout background complemented the short root hair phenotype and led to an increase of 179 root hair length (Fig. 2) , indicating that the tagged protein is functional. The formation of 180 ectopic root hairs was not rescued in these plants (Fig. 2) , consistent with our use of a root 181 hair specific promoter to drive expression of this fluorescent construct; trichoblast specific 182 expression of GFP-AtCCC1 was only induced after cell identity is conferred to epidermal 183 cells.
184
After we had confirmed the subcellular localisation of AtCCC1 in Arabidopsis, we 185 investigated if its loss impacts organelle ultrastructure. High-pressure freezing, freeze 186 substitution, and transmission electron microscopy revealed that the lack of AtCCC1 does not 187 lead to obvious morphological changes in the Golgi or TGN/EE ultrastructure, and the 188 appearances of these organelles was similar between Atccc1 mutants and wildtype (suppl. Atccc1 knockouts can withstand higher osmotic pressure before the onset of plasmolysis but 192 do not have a higher cell sap osmolality 193 Rice OsCCC1.1 has been suggested to be important for osmoregulation, and Osccc1.1 plants 194 were shown to have a lower cell sap osmolality (Chen et al., 2016b) . We therefore tested if 195 the endomembrane localised AtCCC1 could also be connected to tissue and cell 196 osmoregulation. We first tested if Atccc1 has a similar cell sap osmolality defect compared to 197 Osccc1.1, and found that Atccc1 cell sap osmolality was not higher than wildtype, but 198 showed a tendency to be lower (in Atccc1-1, while Atccc1-2 was not significantly different 199 from the wildtype, p< 0.03, and p < 0.12 for Atccc1-1 and Atccc1-2, respectively, Fig. 3 ).
200
These results and the endomembrane localisation of AtCCC1 suggest a role of CCC1s in 201 osmoregulation that is different from directly mediating ions across the PM.
202
To test if the reduced osmolality of the Atccc1 knockout cell sap impacts the capacity of the 203 root cells to withstand osmotic stress, we tested the knockout under plasmolysis inducing 204 conditions, using mannitol. Surprisingly, we found that for Atccc1, media with a higher (and 205 not lower) osmotic strength was required to induce plasmolysis when compared to the 206 wildtype ( Fig. 3 ).
207
The PM marker GFP-LTI6b was used to visualise plasmolysis. At 250 mM mannitol, 71% of 208 wildtype cells were plasmolysed, compared to only 23% of Atccc1 cells (Fig. 3 ). This 209 indicated that for the wildtype incipient plasmolysis (50% of cells are plasmolysed) occurs at 210 ~233 mM Mannitol, and at ~278 mM mannitol for Atccc1, a 45 mM difference ( Fig. 3 , 211 orange lines in graph). At 400 mM mannitol almost all cells were plasmolysed in both 212 genotypes ( Fig. 3 ). The lower sap osmolality, but the enhanced ability to withstand 213 plasmolysis were seemingly contradictory results and suggested that cell features other than 214 cell osmolality in the ccc1 knockouts contribute to the observed phenotypes. It also suggested 215 that the ccc1 knockout mutants might perform better under osmotic stress, instead of worse.
217
Osmotic stress rescues root hair elongation defects in Atccc1 and Osccc1.1 and knockouts 218 are more tolerant to osmotic stress compared to wildtype 219 As the knockout plants showed an increased capacity to withstand plasmolysis, we tested if 220 the observed root phenotypes could be rescued by growing the plants on media with higher 221 osmotic strength. To assay this, plants were germinated and grown on media with osmotic 222 stress caused by different concentrations of mannitol. Atccc1 was able to germinate on media 223 with much higher osmotic strength compared to the wildtype (suppl. Fig. S3 ). Additionally, 224 collet hair formation was completely rescued in Atccc1 by osmotic stress, back to control 225 wildtype levels. We also confirmed these observations under sorbitol (suppl. Fig. S3 ).
226
Osmotic stress is a component of salt stress, and we found that the Atccc1 root hair phenotype 227 is also rescued when plants are grown under increased NaCl (suppl. Fig. S3 ). This shows that 228 the ccc1 knockouts with a loss of CCC1 function are more tolerant to osmotic and salt stress 229 in the cell-types examined and over the timeframes used in these experiments.
230
To test the effect of osmotic stress on root hair length, we utilised a combination of mannitol 231 and low phosphate (Pi). We used these conditions as we found that osmotic stress on its own 232 often leads to an increased percentage of root hairs that cease growing shortly after initiation, Lynch, 1996; Bhosale et al., 2018; Giri et al., 2018) . We first assessed root hairs under 236 low Pi only, so we were able to interpret the combined treatment. As expected, wildtype 237 Arabidopsis plants showed a strong increase in root hair length under low Pi, while wildtype 238 rice root hair length was similar under low Pi compared to control in our conditions. In 239 Atccc1, however, no increase in root hair length could be observed in low Pi, this was similar 240 to what we observed when we treated roots with IAA or 2,4-D (suppl. Fig. S4 ). Remarkably, 241 the combination of low Pi and osmotic stress, however, completely rescued the Atccc1 and 242 Osccc1.1 root hair phenotypes back to wildtype levels ( Fig. 4) . 243 We then investigated if the increased root hair length on osmotic stress was due to a 244 prolonged root hair elongation period, or due to faster growth, using time lapse imaging of 245 roots grown inside the media. When roots were grown inside the media (as opposed to on top 246 of the media for the above described assay), 150 mM mannitol alone was sufficient to rescue 247 root hair growth ( Fig. 4) , indicating that the increase of external osmolality is responsible for 248 Atccc1 root hair rescue, independent of low Pi. Elongation speed measurements revealed that 249 Atccc1 root hair elongation rate was recovered under osmotic stress, with Atccc1-1 root hairs 250 elongating at a similar rate to wildtype root hairs, at 0.74 ± 0.43 and 0.82 ± 0.22 µm min 1-251 respectively between 50 and 100 minutes after elongation initiated ( Fig. 4 ).
252
We also detected a decrease in elongation rate of wildtype root hairs grown under the osmotic 0.65 ± 0.20, Atccc1-1 = 0.68 ± 0.09 µm min 1-; Fig. 4 ). Therefore, moderately high external 260 osmolality rescued the root hair elongation phenotype; however, it did not seem to rescue the 261 development of ectopic root hairs ( Fig. 4 , suppl. Videos 5-10). Interestingly, we also noticed 262 that a large proportion of the wildtype root hairs burst, when grown under low Pi and osmotic 263 stress combined, while this did not happen as frequently in Atccc1 (suppl. Videos 9-10). showed an extreme root hair phenotype, beyond a combination of those observed in Atccc1 or 274 rhm1 alone (Fig. 5 ). This indicates AtCCC1 impacts the delivery of material to the cell wall.
275
As Atccc1 showed the ability to germinate under higher osmotic stress than wildtype plants, 276 we investigated the seedcoat. Seed coat defects and a weaker seed coat might contribute to 277 the ability of Atccc1 embryos to rupture the seed coat and germinate under extreme osmotic 278 stress. Ruthenium red staining of the seed mucilage of imbibed seeds revealed a decreased, 279 and irregularly distributed amount of mucilage in Atccc1 (Fig. 5 ). The autofluorescence 280 pattern of seed columella cells revealed that some columella cells formed normally in Atccc1 281 while others did not, creating a patchwork appearance ( Fig. 5 ).
283
Atccc1 cells contain increased cytoplasmic material and an altered vacuolar morphology 284 The multitude of different defects in Atccc1 suggested that a fundamental cellular process is 285 disrupted in Atccc1; we therefore investigated cell morphology and organelle dynamics in 286 more detail. Atccc1 root hairs showed the typical inverse fountain movement of the 287 cytoplasm, similar to wildtype plants (Grierson et al., 2014; Balcerowicz et al., 2015) .
288
However, DIC images also revealed that the amount of cytoplasm was strongly increased in 289 Atccc1 (Fig. 6 , suppl. Videos 11-13); which was accompanied by a change in vacuolar 290 morphology ( Fig. 6 ). To confirm the altered vacuolar morphology, the vacuole stain BCECF, 291 together with the stably expressed TGN marker VHAa1-mRFP, was used to visualise the 292 vacuole and the TGN/EE, respectively ( Fig. 6) (Dettmer et al., 2006; Scheuring et al., 2015) . 293 BCECF staining showed that the vacuolar occupancy of root hairs was decreased in Atccc1, 294 with the TGN/EE-marker VHa1-mRFP present throughout the increased cytoplasmic space. The increased volume of cytoplasmic material indicated alterations in the endomembrane 299 system in Atccc1. We therefore measured rates of endo-and exocytosis in the mutant and 300 wildtype, in cells close to the root tip, which are typically used to investigate endo-and 301 exocytosis and in which AtCCC1 is also expressed. Endocytosis was assayed by measuring 302 the internalisation of the endocytic tracer dye, FM4-64. This was measured by taking a 303 fluorescence intensity ratio of signal inside the cell versus at the PM, indicating the quantity 304 of FM4-64 stained PM being internalised into the endomembrane system over a set time. As 305 any differences in exocytic rates between wildtype and Atccc1 would also alter the FM4-64 306 ratio, the trafficking inhibitor BFA was used (Richter et al., 2007; Teh and Moore, 2007) . Exocytosis was assayed by first treating roots stably expressing either PIN1-GFP or the PM-313 marker GFP-LTI6b with BFA (Cutler et al., 2000; Benkova et al., 2003) . BFA causes 314 retention of the PIN1 and LTI6b within the endomembrane system, as it inhibits protein 315 recycling. Upon BFA washout, recycling to the plasma membrane is resumed, and exocytosis 316 rates can be compared. In the wildtype background, prior to BFA treatment, the initial ratio of 317 internal:PM fluorescence for both proteins, PIN1 and LTI6b, was very low, indicating that 318 most of the proteins were at the PM (Fig. 6, Fig S5) . This is in contrast to Atccc1, where the 319 internal:PM fluorescence ratio was already very high before treatment, indicating a decreased 320 percentage of PIN1 and LTI6b at the PM (Fig. 6, Fig S5) . After 60 minutes of treatment with 321 BFA, the GFP signal was internalised in all genotypes, however, as the cell-internal signal in 322 Atccc1 was already high before treatment, the impact of BFA was minimal (Fig. 6) . As there 323 is a substantial percentage of PIN1 and LTI6b protein inside the cells in Atccc1 without Here, we show the subcellular localisation of AtCCC1 in its native tissue, and can 330 unequivocally confirm its localisation to endomembranes with a functional GFP-AtCCC1 331 construct that complements root hair length in the Atccc1 knockout background (Fig. 2) ; no 332 PM localisation was observed.
333
Our results also reveal that ccc1 knockout plants perform better under higher external 334 osmolality ( Fig. 3; Fig. 4 ). The complementation of Atccc1 and Osccc1.1 root hair length 335 under moderately high external osmolality suggests that CCC1s are either only required for 336 normal cell elongation below a certain external osmotic threshold, or that loss of CCC1s 337 improves the ability of the cells to grow in higher osmotic conditions. The lower cell sap 338 osmolality in Arabidopsis and rice knockouts demonstrates that the complementation 339 mechanism does not entail an increased accumulation of osmolytes. There is a regulatory 340 connection between osmoregulation and cell wall properties, and Atccc1 knockouts have been 341 shown to have an altered cell wall composition in addition to their defects in osmoregulation 342 (Fig. 5; Han et al., 2019) . Knockout mutants of proteins connected to cell wall-to-cell 343 signalling, such as fer (loss of function of the receptor kinase FERONIA), have also been 344 shown to be more tolerant to osmotic stress compared to wildtype (Chen et al., 2016a) .
345
The ectopic root hair development in Atccc1 suggests that AtCCC1 is involved in more than that would be important to maintain ionic balance in the lumen. We therefore propose that 365 CCCs are candidates for the missing component in the pH and ionic condition establishing 366 transport circuit in the TGN/EE (Fig. 7) . Further investigation of the Atccc1, using pH and 367 ionic sensors is now required to confirm this model. homozygous Atccc1 knockout does not support floral dipping well. Floral dipping was 413 performed according to Clough and Bent (1998) , and transformants were selected on 1/2 MS 414 plates with no sucrose containing hygromycin for selection. Atccc1 knockouts expressing the 415 GFP were selected, and GFP fluorescence images show maximum intensity projections of 416 stack image series, using GFP image setting as described in Henderson et al. (2015) . For time lapse light microscopy of root hair elongation rate, plants were germinated within 2 424 mL of media placed in 1-well microscopy slides (Thermo Fisher) and grown vertically.
425
Images of root hairs in the maturation zone were taken every 30 seconds for 6 hours using a 426 Nikon Diaphot 300. For consistency, elongation rates of root hairs were only measured for 427 root hairs where both initiation and cessation of growth could be observed in the time lapse.
428
Analysis and creation of videos was performed using FIJI.
429
Cytoplasmic streaming in root hairs was imaged in 6 day old plants. Root hairs that were still 430 elongating were selected from the maturation zone. Images were taken using DIC on a Nikon 431 Ni-E microscope. Time lapses were taken with images every 2 seconds for 120 seconds. Vacuole staining in 6 day old root hairs was performed using BCECF (Invitrogen) as 449 previously described (Lofke et al., 2015) . Briefly, plants were treated with 10 µM BCECF in 450 liquid 1/2 MS with 0.02% pluronic acid (Invitrogen) for 1 h in the dark. Plants were then 451 washed 1x with liquid 1/2 MS and Z-stacks were obtained of BCECF fluorescence 452 (excitation = 488 nm, emission = 500 -550 nm), imaged at the same Nikon confocal 453 described above. Root hairs from the maturation zone were selected for imaging. We thank Jian Feng Ma for kindly providing rice seeds; Christoph Ringli for providing the 479 rhm1 (rol1-2) seeds and Marina Oliva for providing PIN1::PIN1-GFP seeds. We thank Renée 480 Philips and Marie Beillevert for assistance with lab and plant work; and Matthew Tucker for 481 providing the 3xVenusNLS plasmid. We thank Adelaide Microscopy, especially Gwen Mayo 482 and Jane Sibbons, for support with microscopy; and we thank the University of Melbourne 483 Advanced Microscopy Facility where Electron microscopy was conducted. We thank the Atccc1 root hairs elongate slower (see also suppl. videos 1-2) and H) and Atccc1 develops ectopic root hairs, trichoblast cell files indicated with green line, atrichoblast cell files with blue line. I-K) Stably expressed GFP-AtCCC1 (green) localises to highly mobile endomembrane structures in root hairs (see also suppl. videos 3-4), which co-localise with endosomes stained with FM4-64 (magenta), but not the plasma membrane; GFP and FM4-64 signals co-localise in BFA bodies. L) Expression of GFP-AtCCC1 complements root hair length in the Atccc1 background. Scale bars = 200 µm (images A, L), 500 µm (image D), 50 µm (images E, H) and 10 µm (images I-K). n >900 (B), >200 (C), = 98-300 (F) and 7-10 (G). Student t-tests comparing Atccc1 to wildtype.
Figure 3:
Atccc1 knockouts can withstand higher osmotic pressure before onset of plasmolysis but do not have a higher root cells sap osmolality. A) A higher osmotic strength is required for incipient plasmolysis onset for Atccc1 compared to wildtype plants, indicated as orange lines for 50% cell plasmolysed. B) Example images of wildtype and Atccc1 plants expressing the plasma membrane marker LTI6b, which were exposed to osmotic shocks of either 200 or 250 mM mannitol. Scale bars are 20 mm. n = 11-23 plants, 40 cells per plant, student t-test comparing Atccc1 and wildtype. C) Cell sap osmolality of whole root cell sap is not higher in Atccc1, with values indicating a lower osmolality in Atccc1-1 (p<0.03) and a similar osmolality in Atccc1-2 (p<0.12) when compared to wildtype. n = 9-10, student t-test comparing Atccc1 to wildtype. Col-0 Atccc1-2 rhm1-2 rhm1-2 Atccc1-2 A C D B Figure 6 : AtCCC1 is important for endomembrane trafficking. A) DIC imaging of root hairs shows strongly increased cytoplasm in Atccc1 compared to Col-0 wildtype (see also suppl. videos 11-13). Scale bars = 10 mm. B) BCECF staining of the vacuole (blue) in plants expressing the TGN/EE marker VHAa1-mRFP (yellow) showing altered vacuolar morphology in Atccc1. Scale bars = 5 mm. C-D) Endocytosis rate is reduced in Atccc1, C) Col-0 and Atccc1 root tip cells, stained with FM4-64 (red), and treated with BFA for 10 min or 60 min, D) fluorescent ratio of plasma membrane to cell internal fluorescence. Scale bars = 10 mm, n = 56-89, students t-test comparing Atccc1 and wildtype. E-F) Localisation pattern of auxin transporter PIN1 is altered in Atccc1. E) Col-0 wildtype and Atccc1 plants stably expressing PIN1-GFP (green), expression driven by PIN1 promoter. Atccc1 plants showing reduced plasma membrane localisation of PIN1-GFP and a reduced reaction to BFA treatment. Scale bars = 10 mm, n = 13-27, students t-test comparing Atccc1 and wildtype. 
